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MECHANICAL  PROPERTIES  OF  ANNEALED 
AND  MARTENSITIC  Ti-6AH-4V 

ABSTRACT 


Fatigue  life  studies  are  reported  on  annealed  micro- 
structures and  on  solution  treated  plus  quenched  microstructures, 
and  it  was  found  that  specimens  solution  treated  at  about 
900°C  (1650°F)  had  the  longest  fatigue  life,  longer  by  at 
least  a factor  of  four.  A comparison  of  the  a-8  annealed 
alloy  with  the  alloy  solution  treated  at  900°C  (1650°F) 
demonstrated  that  increases  in  allowable  strain  of  as  much 
as  50%  occurred  at  high  strain  amplitude.  Annealing  and 
elevated  temperature  testing  appear  to  decrease  the  fatigue 
life  of  the  as  quenched  alloy.  Tensile  tests  of  the  alloy 
solution  treated  at  900°C  showed  that  this  treatment  resulted 
in  a high  tensile  strength  and  a high  ductility  (reduction 
in  area)  relative  to  commonly  used  anneal  treatments.  Room 
temperature  static  load  creep  tests  showed  that  the  alloy 
solution  treated  at  900°C  had  a high  elastic  limit  and  a 
relatively  small  amount  of  static  creep. 
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The  Mechanical  Properties  of  Annealed 
and  Ma rtensi t ic  Ti - 6A£- 4V 

Introduct ion 

In  previous  work  we  have  studied  the  fatigue  behaviour  of 
Ti-6A£-4V  alloys  as  a function  of  their  microstructure^ . A 
significant  result  to  come  from  this  prior  work  is  the  improved 
fatigue  crack  initiation  life  that  results  in  Ti-6A£-4V  when 
it  is  solution  treated  at  900°C  (1650°F)  and  water  quenched . 

To  supplement  this  information  on  fatigue  crack  initiation  life 
we  have  conducted  other  mechanical  property  tests  on  both 
annealed  and  solution  treated  Ti-6A£-4V.  This  paper  presents 
a survey  of  our  results  on  mechanical  properties  of  heat  treated 
Ti-6AV,-4V  microstructures.  The  test  results  that  will  be  included 
are:  fatigue  life  at  fixed  strain  amplitude,  yield  strength, 

elastic  modulus,  ultimate  tensile  strength,  ductility,  and 
static  load  creep.  Unfortunately  all  tests  could  not  be  run  on 
the  same  heat  and  composition  of  Ti-6A2.-4V  alloy,  because  differ- 
ent specimen  shapes  required  different  starting  material,  which 
could  not  always  be  purchased  from  the  same  supplier.  Because 
of  this,  the  chemistry  of  the  specimens  used  for  each  test  will 
be  reported. 

Experimental  Tests  and  Results 
A.  Fat i gue  Tests . 

Fatigue  tests  have  been  conducted  on  heat  treated  alloys. 

The  details  of  the  test  procedure  and  specimen  preparation  were 
presented  previously^,  but  some  additional  tests  have  been  con- 


ducted,  so  the  complete  results  will  he  presented.  For  the  tests 
on  heat  treated  alloys  solid  1/4  inch  diameter  rod  of  the  compo- 
sition given  in  Table  1 was  polished  to  a 0.1  microinch  surface 
in  the  reduced  center  section.  The  cyclic  deformation  was  fully 

reversed  strain  (R=-l),  and  in  addition  a small  axial  stress  of 
7 2 

2.12x10  N/M  (3600  psi)  was  applied  to  these  specimens  so  that 
cyclic  creep  measurements  could  also  be  made.  Table  2 gives 
the  results  of  the  fatigue  tests  at  room  temperature.  The  most 
important  result  in  Table  2 is  the  significant  improvement  in 
fatigue  life  of  the  alloy  solution  treated  at  900°C  (1650°F). 

Note  that  an  aging  treatment  at  760°C  (1400°F)  for  1 hour  destroys 
the  improved  fatigue  life  observed  in  the  solution  treated  alloy. 

Table  2 shows  the  improved  fatigue  life  at  a fixed  strain; 
in  addition,  it  is  often  important  to  know  the  increase  in  allow- 
able strain  (or  stress)  at  a fixed  number  of  cycles.  This  can 
be  found  from  the  strain  amplitude  v?  cycles  to  failure  diagram 
shown  in  Figure  1 for  an  cx-8  anneal  and  900°C  (1650°F)  solution 
treatment.  For  example,  at  9 x 10^  cycles  to  failure,  the  alter- 
nating sheer  strain  amplitude  is  about  20  x 10  3 for  the  alloy 

solution  treated  at  900°C  (1650°F)  , and  for  the  a-8  annealed 

- 3 3 

alloy  the  alternating  strain  amplitude  was  13  x 10  for  9 x 10 
cycles  to  failure.  This  is  more  than  a 50%  increase  in  the  allow- 
able shear  strain  level.  From  Figure  1 it  appears  that  at  high 
strain  amplitudes,  the  alloy  solution  treated  at  900°C  (1650°F) 
will  show  even  larger  percentage  increases  in  allowable  strain 
relative  to  the  annealed  state. 
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itanium  alloys  arc  often  used  in  elevated  tempo -ature 
applications,  thus  elevated  temperature  fatigue  tests  will  give 
some  indication  of  the  thermal  stability  of  the  alloy.  Table 
3 gives  the  results  of  fatigue  tests  conducted  at  260°C  (500°F) 
under  the  same  conditions  as  the  tests  reported  in  Table  2. 

The  alloy  solution  treated  at  900°C  (1650°F)  still  has  a longer 
fatigue  life  than  the  a-6  anneal,  but  the  factor  is  not  as 
large  as  it  was  at  room  temperature.  Note  that  the  fatigue  life 
of  the  ct-£  anneal  alloy  increased  in  going  from  room  temperature 
(Table  2)  to  the  elevated  temperature;  where  as,  the  fatigue 
life  of  the  alloy  solution  treated  at  900°C  (1650°F)  decreased. 
It  appears  that  at  elevated  temperatures,  the  fatigue  lives 
of  the  two  treatments  are  approaching  each  other. 
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B.  Tensile  Tests 

Tensile  tests  were  performed  on  annealed  microstructures 
and  the  microstructure  solution  treated  at  900°C  (1650°F). 

The  chemical  composition  of  the  alloy  used  for  these  tests 
is  given  in  Table  4.  Several  different  annealing  procedures 
were  utilized  in  this  experiment  and  these  procedures  are 
listed  belcw: 

ot-B  Anneal  (aBA) 

800°C  (1472°F)  for  3 hours,  furnace  ccol  (FC) 
to  600°C  (1112°F),  followed  by  air  cool  (AC)  to 
room  temperature. 

Recrystallization  Anneal  (RA) 

928  C (1702°F)  for  4 hours,  FC  to  760°C  (1400°F) 
at  180°C/hour , FC  to  482°C  (900  F)  at  372°C 
(702°F) /hour , AC. 

B Anneal 

0.5  hour  at  1037°C  (1900°F),  AC  to  room  temperature, 
732°C  (1350°F)  for  2 hours,  AC  to  room  temperature. 

The  anneal.ng  was  all  done  in  a vacuum  of  at  least  10  ^ torr. 
The  solution  treatment  at  900°C  was  performed  in  a vertical 
air  furnace,  two  solution  times  are  reported  10  min.  and 
15  min.;  the  specimens  were  then  water  quenched.  The  specimens 
were  nominally  1.27  cm.  diamater  with  a 8.26  cm.  gage  length. 
The  tens i l-.*  tests  were  conducted  in  a Materials  Testing 
System. 


The  experimental  results  are  presented  in  Table  5,  and 
Figure  2 is  a photograph  of  four  fractured  specimens.  The 


specimen  solution  treated  at  900°C  had  yield  and  tensile 
strengths  significantly  higher  than  the  a-P  anneal  and  the 
RA , but  the  strengths  of  the  3-anncal  are  higher.  The  tensile 
properties  of  the  B-anncal  from  this  test  are  in  good  agree- 
ment with  the  results  of  Harrigan  et  al^,  hut  there  appears 
to  be  a wide  range  of  properties  in  the  literature  for  the 
B-anneal  alloy.  Note  also  that  the  B-anneal  treatment 
resulted  in  the  lowest  ductility  of  all  the  treatments.  The 
alloy  solution  treated  at  900°C  (16S0°F)  appears  to  have  a 
good  balance  of  tensile  properties,  ie  the  maximum  ultimate 
tensile  strength  observed  with  the  ductility  (reduction  in 
area)  being  the  maximum;  the  a-B  anneal  and  the  1650°F  solu- 
tion treatment  had  essentially  equal  ductility.  The  elastic 
modulus  listed  in  Table  5 was  obtained  by  measuring  the  slope 
of  the  stress  strain  diagram. 
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C.  Static  Creep 

It  has  been  observed  by  numerous  authors  that  titanium 
alloys  can  creep  at  room  temperature  when  subject  to  stresses 
that  are  only  a fraction  of  the  yield  stress.  Some  titanium 
alloys  appear  to  be  elastic  up  to  some  limit  stress,  that  is  only 
a small  fra:tion  of  yield, then  they  exhibit  a combination  of 
elastic  plus  plastic  behavior  up  to  the  yield  point,  then  some 
of  titanium  alloys  are  known  to  exhibit  extensive  creep  with 
little  apparent  strain  hardening.  A static  creep  test  can 
show  the  true  elastic  limit,  the  amount  of  plastic  creep  below 
yield,  and  it  can  give  an  indication  of  strain  hardening  after 
the  yield  stress  has  been  exceeded. 


A schematic  of  the  test  facility  utilized  for  the  creep 
test  is  shown  in  figure  3.  A static  weight  is  applied  to  a pulley 
that  converts  the  load  into  a torque  about  the  specimen  axis. 

The  strain  is  measured  with  two  mirrors  that  are  attached  to 
flats  on  brass  collars  that  attach  to  the  specimen.  Attaching  the 
mirrors  to  '•he  specimen  eliminates  the  possibility  of  recording 
any  grip  slippage  as  specimen  strain.  The  collars  are  each  attached 
to  the  specimen  with  three  conical  set  screws  spaced  at  120° 
around  the  specimen.  Only  the  set  screws  touch  the  specimen,  and 
thus  the  spacing  between  the  set  screws  of  the  two  mirrors  deter- 
mines the  gage  length.  The  collars  are  machined  so  that  the  gage 
length  is  always  one  inch.  The  twist  strain  is  measured  by 
determining  the  relative  change  in  tilt  of  the  two  mirrors.  By 
taking  the  relative  tilt  of  the  two  mirrors  a.iy  slippage  in  the 
grips  is  eliminated  from  the  measurement.  The  relative  tilt 
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angles  are  determined  by  using  a laser  source  of  light  and  colli- 
mating it  to  get  a line.  The  single  line  is  split  by  the  two 
mirrors  and  each  beam  is  reflected  to  a circular  scale  one  meter 
from  the  specimen.  The  laser  source  provides  a sharp  bright  image 
in  comparison  with  the  incandescent  sources  we  have  tried.  We 
estimate  that  we  can  measure  shear  strain  as  low  as  2x10  3 with 
this  device.  In  these  tests  our  procedure  was  to  measure  the 
strain  until  no  additional  strain  could  be  detected  in  a 24  hour 
period.  Then  the  load  was  increased  by  an  increment.  The  loading 
was  continued  until  the  specimen  yielded.  The  total  strain  at 
yield  was  also  recorded.  In  this  report  the  static  creep  of  an 
alloy  of  Ti-6A£-4V  will  be  determined  for  a specimen  solution  treat- 
ed at  900°C  (1650°F)  in  a sealed  evacuated  vycor  tube  and 
water  quenched  with  the  tube  being  broken  during  quenching.  The 
results  will  be  compared  with  previously  presented  results  on 
annealed  microstructures3.  The  annealed  microstructures  to  be 
used  are  recrystallize  anneal  (RA) , 8 anneal  and  a-B  anneal.  The 
details  for  these  annealing  procedures  were  presented  in  the 
section  on  tensile  testing.  The  specimens  for  this  test  are  thin 
walled  tubes  with  an  outside  diameter  of  .635  cm  (.25  in.)  and  an 
inside  diameter  o)  .538  cm  (.212  in.).  The  thin  wall  is  necessary 
in  a torsion  test  to  obtain  a section  with  as  uniform  a strain 
field  as  possible.  If  a solid  rod  was  used  then  the  center  of  the 
rod  would  be  under  no  strain  and  the  outer  surface  of  the  rod 
would  be  under  maximum  strain.  The  tubes  are  seamless  extruded 
Ti-6A«.-4V  with  the  composition  shown  in  table  6. 
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Results  and  Discussion  of  Static  Creep  Tests. 

Stress  strain  diagrams  for  each  of  the  treatments  are 

shown  in  figures  4 to  7.  In  addition  ,the  detailed  measurements 

at  each  load  are  presented  in  Appendix  A.  The  initial  stressing 

was  done  in  increments  of  3.2xl02  N/M2  (4747  psi)  until  transient 

creep  was  observed;  then  the  stress  was  increased  in  increments 

of  8.18x10?  (11868  psi).  Thus  the  elastic  limit,  defined  as 

the  maximum  stress  where  no  transient  creep  is  observed,  is 

+ 0 +0 

only  known  to  within  -3.2x10?  N/M2  ( -4747  psi  ).  The  results 
from  the  de termination  of  the  elastic  limit  are  summarized  in 
table  7.  The  observed  elastic  limits  for  unidirectional  loading 
show  that  the  alloy  solution  treated  at  900°C  (1650°F)  and  water 
quenched  has  the  highest  elastic  limit;  whereas,  the  8 annealed 
alloy  which  has  demonstrated  the  shortest  fatigue  lives  has  the 
lowest  elastic  limit.  This  correlation  between  elastic  limit 
and  fatigue  life  is  most  interesting.  Note  also  that  the  elastic 
limit  and  the  yield  point  do  not  show  any  correlation;  for  example, 
the  8 annealed  alloy  has  the  highest  yield  por.nt  but  the  lowest 
elastic  limit.  After  the  elastic  limit  is  surpassed,  the  8 
annealed  alloy  has  the  smallest  amount  of  transient  creep.  The 
results  of  creep  versus  time  in  figure  8 at  4.9xl08  N/M2  (71.211  KSI) 
most  clearly  demonstrate  that  the  smallest  creep  strain  occurs 
in  the  8 annealed  alloy.  The  alloy  solution  treated  at  900°C  had 
the  next  lowest  creep  rates,  and  the  recrystallized  anneal  alloy 
had  the  highest  creep  rate. 
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Summary  and  Conclusions 

The  above  sections  provided  a summary  of  some  mechanical 
properties  of  the  alloy  Ti-6A?-4V  solution  treated  at  900°C 
(1650°F)  and  water  quenched;  these  results  were  compared  with  the 
mechanical  properties  of  annealed  microstructures.  The  alloy 
solution  treated  at  900°C  and  water  quenched  has  significantly 
improved  fatigue  properties  relative  to  the  annealed  microstruc- 
tures. For  the  other  tests  that  were  conducted,  the  solution 
treated  alloy  had  properties  comparable  to  the  annealed  micro- 
structures,  but  in  all  of  the  tests,  the  properties  of  the  solu- 
tion treated  alloy  could  be  rated  as  good  in  relation  to  some 
of  the  anneal  treatments.  For  example,  in  the  tensile  test, 
the  solution  treated  alloy  had  both  a high  yield  and  ultimate 
strength  and  high  ductility,  whereas,  the  a-B  annealed  and  re- 
crystallized anneal  alloys  had  low  yield  and  ultimate  strength 
but  high  ductility.  Conversely,  the  B annealed  alloy  had  a 
high  yield  strength,  but  a very  low  ductility.  Also,  the  solution 
treated  alloy  had  the  highest  elastic  limit  and  it  demonstrated 
an  intermediate  amount  of  creep.  Only  the  B annealed  alloy  had 
less  creep  strain;  however,  the  B annealed  alloy  also  had  the 
lowest  elastic  limit.  Thus, for  an  application  which  is  fatigue 
sensitive,  solution  treating  the  alloy  might  provide  a desirable 
combination  of  properties.  However,  other  properties  such  as 
stress  corrosion  resistance,  crack  propagation,  and  fracture  tough- 
ness have  yet  to  be  determined. 

In  another  paper  we  have  discussed  the  microstructural  changes 
that  cause  the  improved  fatigue  properties  in  solution  treated 
alloys . 
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Table  1 


Chemical  Composition  of  Ti-6AJl-4V  Used  for  Solid  Rod  Torsion 

Specimens  in  Weight  Percent 

Fe 
.18 

S Transus  980°C  (1805°F) 


AH 
6 . 4 


v 

4.0 


0 

.141 


H 

55  ppm 


C 

.01 


N 

.014 


A 12 


Table  2 


! 


V *. 

n 


W-t  ‘ •<*! 


FATIGUE  LIVliS  01  HEAT  TREATED  Ti-6A1-4V 
ALLOYS  CYCLED  AT  A SHEAR  STRAIN  OF  +0.02 
PLUS  AN  AXIAL  STRESS  OF'  2.12  X 107  N/M2 


HEAT 

TREATMENT+ 

MEAN* 

MINIMUM 

STANDARD 

DEVIATION 

a- 6 ANNEAL 

944 

429 

443 

843°C  (1550° F) ST 
+ WQ 

2497 

1837 

717 

900°C(1650°F)ST 

+WQ 

9616 

8917 

758 

1065°C(1950°F)ST 

+WQ 

2396 

1633 

487 

900°C (1650°F)ST 
+WQ+760°C(1400°F) 

852 

745 

122 

1 hr. 


^Results  based  upon  four  specimens  for  each  heat  treatment. 

t ST-solution  treatment  for  10  minutes 
WQ  - Water  Quench 

a-8  Anneal  - 800°C  (1472°F)  for  3 hours,  furnace  cool  to  600°C 
(1112°F) , Air  cool  to  room  temperature. 
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TABLE  3 


FATIGUE  LIVES  OF  HEAT  TREATED 
Ti-6Ad-4V  ALLOYS  CYCLED  AT  A 
SHEAR  STRAIN  OF  ±0.02  AT  500°F 


HEAT  TREATMENT 

MEAN 

MINIMUM 

STANDARD 

DEVIATION 

a-B  ANNEAL 

1987 

1557 

894 

900°C  (1G50°F)ST 

4818 

4090 

634 

+ WQ 

TABLE  4 


CHEMICAL  COMPOSITION  OF  Ti-SAd-4V 
ALLOY  USED  FOR  TENSILE  TESTS  IN 
WEIGHT  PERCENT 


Ad 

V 

0 

Fe 

N 

C 

H 

6.3 

4.2 

. 188 

.17 

. 010 

. 02 

6 7ppM 

A-  1 4 

TABLE  5 

TENSILE 

TEST  RESULTS  FOR 

Ti-6AJ£-4V 

THERMAL 

TREATMENT 

YIELD 

STRENGTH 

ULTIMATE 

STRENGTH 

YOUNG ’ S 
MODULUS 

PERCENTAGE 

REDUCTION 

PERCENTAGE 

ELONGATION 

108  N/m2 
(ksi) 

10B  N/m2 
(ksi) 

lo“  N/m2 
(10  psi) 

IN  AREA 

S.T.-10  min. 
900°C 

9.99 

11.59 

1.20 

39.8 

26.0 

+ W.Q. 

(144.9) 

(168.1) 

(1.74) 

[ 

i 

S.T.-15  min. 
900°C 

9.96 

11.56 

1.12 

40.6 

27.0 

\ 

+ W.Q. 

(144.5) 

(167.7) 

(1.62) 

If* 

% 

• 

a-8  Anneal 

8.99 

9.90 

1.03 

41.0 

30 

* 

(130.46) 

(143.6) 

(1.50) 

L.  / 

£ H 

l 'X 
i 

L 'S 

RA 

8.65 

9.69 

1.24 

34.4 

24.9 

f 

[ T 

t- 

(125.4) 

(140.6) 

(1.80) 

h 

♦ 

6-Anneal 

]0.  38 

10.78 

1.25 

9.08 

12.5 

» % 

M 

t* 

► • 

; I 

(150.6) 

(156.5) 

(1.82) 

1 

i 

► 

\ 

\:h 

r 9 

r sv^- 

"Vy  > 

X 
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TABLE  6 

CHEMICAL  COMPOSITION  OE  Ti-6A!l-4V 
THIN  WALLED  TUBE 

AH  V 0 Fe  N C H 

5.8  4.4  .113  .08  .01  .02  69  ppM 


TABLE  7 


ELASTIC  LIMITS  OE  Ti-6AH-4V  ALLOYS 
DETERMINED  FROM  STATIC  CREEP  EXPERIMENTS 


THERMAL 

ELASTIC 

TREATMENT 

LIMIT 

N/M^  (psi) 

RA 

1 2 . 8xl07  (18,990) 

a BA 

1 2 . 8x 1 0 7 (18,990) 

BA 

9 . 6x1 07  (14,242) 

900°C  S.T.  + W.Q. 

15. 0x10 7 (23,737) 

ALTERNATING  SHEAR  STRAIN  *10* 


Quenched  from  M0*C  H660*F) 


a-fi  Anneel 


10*  10* 
CYCLES  TO  FAILURE 


Cycles  to  failure  as  a function  of  the  applied 
alternating  shear  strain  for  specimens  a-3  annealed 
and  solution  treated  at  900°C  and  water  quenched 


Tensile  test  specimens  showing  reduction  in  area 
and  elongation  for  the  following  heat  treatments 
from  top  to  bottom:  6 anneal,  900°C  solution 

treatment  plus  water  quench,  ot-B  anneal,  recrys- 
tallize anneal. 


Figure  2 


STRAIN  a 10* 


Figure  5.  Torsional  shear  strain  as  a function  of  applied 
shear  stress  for  recrystallized  anneal  Ti-6AJl-4V 


•TRAIN  a 10’ 


Figure  6.  Torsional  shear  strain  as  a function  of  applied 
shear  stress  for  S annealed  Ti-6A£-4V 


SHEAR  STRAIN  i 10* 


Figure  7.  Torsional  shear  strain  as  a function  of  applied 
shear  stress  for  Ti-6A£-4V  solution  treated  at 
900°C  and  water  quenched. 


TIME  IN  SECONDS 

SHEAR  STRAIN  VS  TIME  AT  4110  ■ 10"  N/m* 

list  FORWARD  LOADING. 

Figure  8.  Shear  strain  as  a function  of  time  at  a shear 

stress  of  4.91xlOh  N/M“  for  the  heat  treatments 
shown.  This  is  for  initial  unidirectional  loading. 


APPENDIX  A 


SHEAR  STRAIN  AS  A 


FUNCTION  OF  STRESS  AND  TIME 


A . 1 3 ANNEALED  ALLOY 


TIME 

SECONDS 


SHEAR  STRESS  i SHEAR  STRAIN 


xlO  J 
psi 

4.747 

9.495 

14.242 


0.655 


1.331 

2.051 


REMARKS 


No  Creep 
No  Creep 


A.  2 


a-  IS 


ANNF.ALF.I)  ALLOY 


A.  3 RECRYSTALLIZATION  ANNEALED  ALLOY 


A. 4 SOLUTION  TREATED  AT  900°C  (1650°F) 
FOR  10  MIN  + WATER  QUENCH 


A.  4 Continued 


TIME 

SECONDS 

SHEAR  STRESS 
xlO'3 
ps  i 

SHEAR  STRAIN 
xl  0 3 

REMARKS 

0 

71.211 

13. 500 

50 

It 

15.576 

12U 

•* 

15.969 

220 

II 

16. 361 

390 

II 

16.798 

630 

II 

17.234 

1000 

II 

17.670 

1200 

II 

17.867 

1400 

II 

17.997 

1500 

II 

18.085 

1600 

II 

18.172 

1800 

II 

18.303 

1950 

II 

18.390 

2200 

II 

18.499 

. - 

2515 

II 

18.674 

2840 

II 

18.826 

3000 

II 

18.914 

3380 

II 

19.154 

6000 

11 

19.874 

7230 

II 

20.201 

9490 

II 

20.615 

11570 

II 

20.877 

— 

_ . 

13830 

II 

21.139 

88780 

II 

24 . 302 

101500 

II 

24.673 

169970 

II 

25.545 

226450 

II 

26.243 

237200 

It 

II 

247940 

II 

26.309 

A. 4 Continued 


UNLOAD 


TIME 

SECONDS 

SHEAR  STRESS 
xlO~  3 
psi 

SHEAR  STRAIN 
xlO  1 

REMARKS 

0 

59.343 

29.319 

0 

47.474 

27.269 

0 

35.606 

25.153 

0 

23.737 

23.037 

0 

14 . 242 

21.117 

0 

4.747 

19.263 

0 

0 

18.325 

After  67  hrs 

0 

18.107 

Creep  Recovery 
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MICROSTRUCTURE  OF  SOLUTION  TREATED 
AND  QUENCHED  Ti-6A£-4V 


ABSTRACT 


M 


The  microstructure  of  solution  treated  and  quenched 
Ti-6A£-4V  is  reported  with  particular  emphasis  on  the 
solution  temperature  of  900°C  (1650°F).  The  alloy  solution 
treated  at  9')0°C  was  found  to  have  a matrix  of  retained  3 mixed 
with  marte.isite  (a1  or  a"),  within  the  matrix  was  primary  a. 
Cyclic  d 'formation  of  this  alloy  resulted  in  a transformation 
of  the  retained  6 to  martensite  (a'  or  a").  We  propose  that 
it  is  the  strain  induced  transformation  of  retained  3 to 
martensite  that  is  producing  the  improved  fatigue  life 
of  this  alloy.  The  microstructure  of  the  alloy  solution 
treated  at  1065°C  (1950°F)  was  totally  martensite  (a1),  thus 
no  retailed  3 is  present  to  transform  upon  cycling.  The 
analysis  of  the  alloy  solution  treated  at  943°C  (1550°F) 
is  incomplete,  but  microstructural  and  microchemical  analysis 
indicates  that  this  alloy  is  composed  of  a 3 phase  that  is 
vanadium  rici  and  primary  a.  The  3 phase  is  apparently 
stable  when  subject  to  cyclic  deformation  because  of  the 
high  var. i.dium  content.  Lattice  parameters  and  microchemis- 
tries of  some  of  the  phases  are  reported. 


/. 

0 

* i * '"“"mm 

*** « n iiMitii  ■ 


B-2 

INTRODUCTION 

In  previous  work  we  have  observed  that  the  fatigue  life 

of  Ti-6A?-4V  .alloys  is  considerably  increased  by  solution 

treatments  of  about  900°  C.  (1650°  I.)  followed  by  a water 
1 

quench  . Annealed  microstructures  were  observed  to  have  an 
order  of  magnitude  less  fatigue  life  and  solution  tempera- 
tures of  55°  C.  higher  of  lower  than  900°  C.  were  shown  to 
result  in  fatigue  lives  that  are  only  one  quarter  of  those 
solution  treated  at  900°  C,  this  is  shown  in  Table  1. 

To  understand  why  the  solution  treatment  at  900°  C. 
produced  an  increased  fatigue  life  a detailed  understanding 
of  the  Ti-6A£*4V  solution  treated  microstructure  is  necessary. 
In  the  experiments  on  fatigue  life  the  results  from  the 

§ 

solution  treated  specimens  were  compared  with  results  from 
specimens  given  an  anneal  in  the  a + 6 region;  a similar 
comparison  of  microstructures  will  be  made. 

It  is  well  accepted  that  the  microstructure  shown  in 
figure  1,  of  the  Ti-6Ail-4V  alloy  annealed  in  the  a + 6 phase 
field  has  a matrix  of  hexagonal  close  packed  (a)  with  the 
body  centered  cubic  (3)  forming  in  the  grain  boundaries. 

The  microstructure  of  the  solution  treated  Ti-6A£-4V  is  not 
as  well  established  although  there  has  been  some  work  directed 
at  determining  these  microstructures.  Williams  and  Black- 
burn^ studied  the  phases  present  after  quenching  a Ti-6A£-4V 
alloy  from  various  solution  temperatures.  No  quantitative 

I 


■ 
0 
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analysis  was  given  for  the  phases  present,  but  a qualitative 
analysis  is  presented.  Williams  and  Blackburn  defined  the 
following  phase  fields  for  the  following  solution  temperatures: 


1000°  C.  (1832°  F.)  to  1100°  C.  (1922°  F.)  - a'  + B. 

930°  C.  (1706°  F.)  to  1000°  C.  (1832°  F.)  - u'  + B. 

900°  C.  (1652r  F.)  to  930°  C.  (1706°  F.)  - a'  + a”  + B + a . 

860°  C.  (15. 0°  F.)  to  900°  C.  ( 1652°  F.)  - a'  + a. 

830°  C.  ( 1>26°  F.)  to  860°  C.  (1  580°  F.  ) - a'  + B + a. 

RT  to  830°  C.  (1  526°  F.)  - ct  + B . 

In  this  presentation  a'  is  the  hexagonal  maitensite,  and  a"  is 
the  orthorhombic  martensite,  the  results  of  Williams  and  Black- 
burn here  listed  have  been  revised  to  the  present  convention 
and  known  structures.  Fopiano,  Bever  and  Averbach^  have 
studied  t‘ e phases  present  in  solution  treated  Ti-6A£-4 V with 
x-ray  diffraction.  The  phases  they  observed  are  listed  with 
the  solution  temperatures: 

1000°  C.  (183!°  F.)  - o'  (Martensite) 

950°  C.  (1"42°  F.)  - a'  + a (Primary  Alpha) 

900°  C.  ( 652°  I.)  - a'  ♦ a 

850°  C.  (1562°  F.)  - a'  + a 

800°  C.  (1472°  F . ) - ot ' + a 

These  results  are  obviously  quite  differer.r  from  those  of 
Williams  and  Blackburn  where  retained  B was  found  at  nearly 
every  temperature  except  for  860°  C.  to  900°  C.  However, 
Williams  and  Blackburn  do  not  report  the  quantity  of  8 so 


B-4 

" k"»  -nit*,.  „r  t,  , 

r;ier  kork  — •-ea„J;r:r- — — 

'""-q-e.  also  reported  on 

°"  '«»-ture  or  ,71.  c.  . / por  a soiu- 

“PPear  ‘°  aSree  -at  in  the  solutio  '■  rhUS  *n  °f  authors 
<,S'0'  F'>  *•  9°0»  c.  (16S2.'  " temperatu re  ra„8e  860.  c 

St  “‘her  temperatures  Win  iams  7 “ ^ °bSer'r«1.  but 

el—  —copy  observed  BI-kb-  -n8  trans„issi 

r: — ...  r::r of  ••  °piyF— 

eS  Present-  hut  their  result-  thC  percenta8e  of 

th0Se°f— — Biachbur  T " " — - 

additl°-  -k  *.  — 0„  ^ “ *"  — -at 

,U“tlfW-*  counts,  ‘ ^ ^ P™.«.  and 

we  w 1 1 J study  the  micro  ° 6 °n  thia“Ork. 

wf0r"a,i0 B —“b  ‘he  Cha„ges  reT|Ure!  ^ ^ 

* USe  a eombina t ion  of  • 

“on  microscopy,  x.ray  and  «d  elec- 

Pr0bC  — ' Out  primary  intcr"s  *»<■  -icr- 

^ aUOy  S°1Ution  Seated  at  900°  c "Ul  ^ *°  Character^e 
1 c Elution  temperature  for  " Fa)  for  this  is 

fatigue  lives.  ' ^ ^ ^ d partlCuJarly 
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EXPERIMENTAL  PROCEDURE 


The  material  for  this  study  was  nominally  Ti-6A£-4V, 
1.25  inch  extruded  rod  of  the  composition  ii  weight  percent: 


M 

V 

0 

I'e 

N 

C 

H 

6.3 

4 . 2 

.188 

.17 

010 

.02 

67  ppm 

The  alloy  was  mill  annealed,  after  extrusion,  for  2 hours  at 
1500°  F.  The  nominal  tensile  properties  of  the  as  received 
rod  are: 


Ultimate  tensile  strength  - 147-157  ksi 

Yield  strength  - 134-138  ksi 

F.lony  ?.t  ion  - 15  percent 

Reduction  in  area  - 32-39% 

Rockwell  "C”  hardness  - 32  to  35  . 

The  annealed  specimens  were  all  heated  in  a vacuum  of 
better  than  1)  ^ torr  for  the  prescribed  annealing  procedure. 
In  this  woik  only  one  annealing  procedure  will  be  reported: 


Recrystal i lze  Anneal 

928°  C.  (1702°  F.)  for  four  hours,  furnace  cool  (FC)  to 
760°  C.  (1400°  F.)  at  180°  C./Hr.,  FC  to  482°  C.  (900°  F.)  at 
372°  C./Hr.;  air  cool  to  room  temperature. 

The  annealed  microstructure  is  compared  with  solution 
treated  rnvi  quenched  microstructures.  The  specimens  were 
solution  treated  in  a vertical  air  furnace  for  10  minutes  and 


H-  , 


then  the  specimens  were  dropped  into  a water  hath.  I'hc  specimen 
temperature  was  measured  with  a thermocouple  in  the  furnace  that 
contacted  the  specimen. 

For  electron  microscopy  thin  sections  of  metal  were  cut 
with  a spark  cutter.  The  metal  sections  were  further  thinned  by 
electropolishing  in  a solution  of  62.5%  methanol,  31%  butanol 
and  6.5%  perchloric  acid  (70%  strength)  at  13.9  volts  and  -40°  C. 

RESULTS  AND  DISCUSSION 

The  microstructure  of  the  alloy  solution  treated  for  10 
minutes  at  900°  C.  (1650°  F.)  will  be  discussed  first  because 
this  solution  temperature  is  of  primary  interest,  then  the  re- 
sults of  other  solution  temperatures  will  be  compared  to  the 
900°  C.  (16509  F.)  results.  The  transmission  electron  micro- 
graph in  Figure  2 shows  particles  (islands)  of  primary  a in 
a matrix  that  is  a mixture  of  retained  8 and  martensite.  Figure  2 
contains  the  electron  diffraction  pattern  identifying  the  phases 
as  a'  (hexagonal  close  packed),  and  g (body  centeied  cubic).  The 
lattice  parameters  of  the  a'  and  g are  presented  in  Table  2.  The 
lattice  parameter  data  is  necessary  for  phase  idei  t i f icat ion . 

The  martensite  is  indexed  on  a hexagonal  Bravias  lattice  (a')i 
however,  it  is  possible  that  the  martensite  is  orthorhombic  (a"). 
To  the  present  time  we  have  been  unable  to  unambiguously  charac- 
terize the  martensite  because  of  the  similarity  of  the  a'  and  a". 
The  orthorhombic  Bravias  lattice  is  obtained  by  a distorsion 
of  the  hexagonal  cell  such  that  the  6 fold  symmetry  of  the 
basal  plane  is  destroyed  and  the  a and  b axis  of  the  orthorhombic 
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cell  must  be  utilized  rather  than  the  a axis  >f  the  hexagonal. 

The  distorsion  is  difficult  to  detect  unless  it  is  large,  but 
it  only  requires  a small  distorsion  to  cause  the  structure  to 
have  an  orthorhombic  Bravias  lattice,  thus  making  unambiguous 
identification  difficult.  In  the  transmission  electron  micro- 
graph of  Figure  2 it  is  obvious  that  some  acicular  martensite 
has  been  formed,  but  it  has  proved  difficult  to  obtain  a diffrac- 
tion pattern  just  from  an  acicular  martensite  grain  because  of 
its  small  size.  Some  diffraction  spots  from  the  acicular  martensite 
have  been  ibserved  mixed  with  those  of  the  3 phase,  and  the 
dark  field  image  in  Figure  3 is  an  indication  of  the  morphology 
of  the  acicular  martensite.  The  observation  that  the  matrix  is 
primarily  retained  6 in  the  alloy  solution  treated  at  900°  C. 
and  water  quenched  is  at  variance  with  the  results  of  both 
Williams  et  al . and  Fopiano  et  al.,  they  observed  a and  mar- 

• tensite  al  hough  Williams  et  al.  leave  open  the  possibility  of 

<1 

a small  am-'unt  of  3.  The  explanation  of  this  difference  is 
not  clear,  but  we  are  quite  certain  of  our  conclusion;  to  support 
our  conclusion  subsequent  deformation  of  the  alloy  produces 
a martensitic  ' ransformation  as  will  be  discussed  next.  Only 

■t  the  inetastahle  retained  3 could  transform  to  martensite. 

i 

The  in ' crochem  i s try  of  the  alloy  solution  treated  at  900°  C. 

; (1650°  F.)  is  given  in  Table  3.  Our  results  arc  compared  with 

the  results  presented  by  Fopiano  et  al.  for  <■  solution  temper- 
ature of  900°  C.  The  data  of  Fopiano  et  al . is  not  an  exper- 
imental result,  but  rather  it  is  based  upon  an  analysis  of 
. previous  phase  diagram  work.  The  results  for  vanadium  are  in 


B-  R 


good  agreement  with  our  experiments,  hut  the  results  for  alu- 
minum arc  in  disagreement.  In  this  work  the  a phase  was  found 
to  be  lower  in  AH  than  predicted  by  Fopiano’s  analysis. 

Our  interest  in  studying  tin  M-6AH-4V  alloy  in  the  900°  C. 

solution  treated  condition  is  the  observation  of  an  improved 

fatigue  life  for  this  treatment.  To  understand  the  reason  for 

the  improved  fatigue  life  we  are  studying  the  microstructure 

of  this  alloy  before  and  after  cyclic  loading.  A specimen  of 

this  alloy  was  subjected  to  cyclic  deformation  of  o = t 5.4 

ALT 

X 10^  N/M"  (78  ksi)  with  R = - 0.5  for  1 X 10(>  cycles.  Note 
in  Figure  4 the  increase  in  the  percentage  of  martensite  needles 
after  the  cyclic  deformation  in  comparison  to  Figure  2.  It 
appears  that  the  cyclic  deformation  is  inducing  a 8 to  martensite 
transformation.  Further  work  is  necessary  to  confirm  the  charac- 
ter of  the  transformation,  but  the  initial  transmission  electron 
micrographs  indicate  that  this  is  a martensite  transformation. 

The  analysis  of  the  alloy  solution  treated  at  1066°  C. 

(1950°  F.)  was  quite  simple.  The  structure  was  a a'  marten- 
site shown  in  Figure  5 with  the  lattice  parameter  shown  in 
Table  2 obtained  from  the  diffraction  pattern.  No  microchemical 
analysis  was  performed  on  this  alloy  because  it  should  all  be 
of  uniform  composition.  It  is  possible  that  small  amounts  of  re- 
tained 8 could  exist  in  this  alloy,  but  none  were  detected. 

The  analysis  of  the  alloy  solution  treated  at  845°  C. 

(1550°  F.)  is  not  yet  complete;  however,  initial  work  indicates 
that  the  microstructure  shown  in  Figure  (>  is  composed  of  primary 
alpha  and  retained  8.  These  results  are  again  at  variance  with 
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Fopiano  et  al . ; however,  Williams  and  Blackburn  indicate  that 
between  830°C.  and  860°  C.  there  is  a mixtur?  of  a'  + 8 + a; 
and  that  below  830°  C.  there  is  primary  m and  retained  B.  Our 
results  are  basically  in  agreement  with  Wi Ilian  and  Blackburn 
because  we  rbserve  primary  a and  B,  it  is  possible  that  there 
is  a small  amount  of  a'  in  addition  that  we  have  not  been  able 
to  detect. 


CONCLUSIONS 


Our  microstructure  analysis  is  not  as  yet  conplete,  hut 
still  the  present  results  provide  an  indication  of  the  mechanism 
that  is  resulting  in  the  improved  fatigue  lives  for  the  specimens 
solution  treated  at  900°  C.  (165(1°  I . ) and  water  quenched.  The 
matrix  of  this  alloy  as  quenched  is  mostly  retain  d 6 with  some 
acicular  martensite.  After  cyclic  loading  it  is  observed  that 
a large  fraction  of  the.  retained  8 in  the  matrix  has  transformed 
to  acicular  martensite.  The  structure  of  the  martensite  formed 
during  quenching  and  during  cycling  of  the  900°  C.  solution 
treated  alloy  have  not  been  determined,  hut  there  are  indications 
that  both  are  orthorhombic'’.  It  appears  that  the  cyclic  defor- 
mation is  producing  the  martensitic  transformation  rather  than 
fatigue  damage.  We  propose  that  this  might  be  a contributing 
factor  to  the  increased  fatigue  life  of  this  alloy,  martensite 
is  formed  rather  than  fatigue  damage. 

The  reason  that  this  same  mechanism  does  not  work  in  the 
alloys  given  the  other  treatments  is  explained  by  our  micro- 
structural  analysis.  The  alloy  solution  treated  at  1066°  C. 

(1950'  F.)  is  fully  transformed  to  martensite  (a'),  thus  in 

this  alloy  there  is  no  significant  amount  of  retained  8 to 
transform . 

The  alloy  solution  treated  at  845°  C.  ( 1 550°  F.)  does 
not  have  as  large  a fatigue  life-  as  that  solution  treated  at 


900°  C.  (1650°  F.)  because  the  6 phase  is  richer  in  vanadium 
at  the  lowe~  solution  temperature,  this  is  shown  in  Table  3. 
where  at  fdO0  C.  our  results  and  those  of  Fopiano  et  al.^ 
agree  that  there  is  about  6.6"  vanadium  in  the  6 phase,  but 
at  the  lower  temperature  of  850°  C.  the  B phase  has  about  9 \ 
vanadium.  The  increased  vanadium  concentration  tends  to 
stabilize  the  B phase  so  that  the  8 to  martensite  transforma- 
tion has  le  s probability  of  occurring.  In  the  case  of  the 
recrystall 4 ze  anneal  alloy  the  B phase  is  stabilized  during 
the  slow  cooling  so  that  the  B phase  becomes  rich  in  vanadium. 

There  is  one  possible  explanation  for  the  improved  fatigue 
life  that  we  have  not  separated  from  the  e;:r>lanation  that 
is  proposed  above.  That  is  that  it  is  the  presence  of  the 
finely  dispersed  martensite  (probably  orthorhombic  a")  shown 
in  Figure  Z that  is  resulting  in  the  improved  fatigue  life. 
Since  the  B in  this  mi crostructure  also  transforms  to  marten- 
site during  the  cyclic  deformation  we  have  not  been  able  to 
determine  the  relative  effect  of  the  transformation  and  the 
microstructure  in  which  it  occurs. 
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Table  1 


FATIGUE  LIVES  OF  HEAT  TREATED  Ti-6A«.-4V 
ALLOYS  CYCLED  AT  A SHEAR  STRAIN  OF  +0.02 
PLUS  AN  AXIAL  STRESS  OF  2.12  X I07  N/M2 


HEAT 

TREATMENT* 

MEAN** 

MINIMUM 

STANDARD 

DEVIATION 

a-B  ANNE.1. 1 

944 

429 

443 

84 3°C  (1J50°F)ST 
+ WQ 

2497 

1837 

717 

9 0 0 ° C (1650°F)ST 
+ WQ 

9616 

8917 

758 

1065°C  ( 1950*  F) ST 
+ WQ 

2396 

1633 

487 

* ST-S'.lution  treatment  for  10  minutes 
WQ-War.er  Quenched 

**  Results  based  upon  four  specimens  for  each  heat  treatment. 

a- 3 Anneal  - 800°C  (1472°F)  for  3 hours,  furnace  cool  to  600°C 
(1112°F)  Air  cool  to  room  temperature. 


> 

I \ 


B-  1 4 


Table 

2.  Lattice 

Par  a »r<  e t cm' s 

of  ' 

f i - 6AA- 

4 V P h a s e s 

Heat 

Treatment  * 

Phase 

Lattice  Parameters 

Technique 

i n 

A ° 

R.  A. 

CL 

a = 

2.924 

c = 4.671 

X - R - 1) 

R.  A. 

a 

a = 

2.925 

c = 4 . 670 

E-D 

1066 

C.  - 

ST  + WQ 

i 

a 

a = 

2.921 

c = 4.663 

1 

OL 

i 

X 

1066 

C.  - 

ST  + wo 

■ 

a 

a = 

2.925 

c = 4.634 

E-D 

900 

C.  - 

ST  + WQ 

a 

a = 

2.942 

c = 4.738 

E-D 

900 

C.  - 

ST  + WQ 

a ' 

a = 

2.931 

c = 4.696 

E-D 

900 

C.  - 

ST  + WQ 

6 

a = 

3. 299 

1.  R.  A.  : Recrystallize  Anneal 

ST:  Solution  treated  for  ID  min. 

WQ:  Water  quench 

2.  X-R-D:  X-ray  diffraction 

F;-D:  Electron  diffraction 


Tab’e  3.  Microchemistry  of  Ti-6A£-4V  Solution 
Treated  and  Quenched 


Solution 

Temperature 

Phases 

Observed 

Phase 

Composit  ton 

Reference 

Ail 

V. 

Wt 

% 

900°  C. 

a 

7.49  ± .1 

2.51 

+ 

. 12 

This 

(1650  ° F.' 

a 1 + fl 

5.8  t .26 

6.66 

+ 

.65 

Work 

900°  C. 

a 

9 

2.5 

3 

a T 

2 

l . 5 

850°  C. 

a 

8 

L . 5 

3 

a * 

2 

3 

W-1 
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Figu 


Figu 


Figure  4 TF.M  from  the  same  alloy  shown  in  Figure  2 

10^  fatigue  cycles  of  .j.  = 78  ksi  with  I 

in  tension. 

a f t e r 
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A STUDY  OF  FATIGUE  DAMAGE 
WITH  ULTRASONIC  INTERNAL  FRICTION 
MEASUREMENTS 


ABSTRACT 


Internal  friction  measurements  using  a resonance 
technique  at  kilohertz  (17650  Hz)  frequency  were  made  on 
Ti-6A£-4V  that  had  been  subject  to  cyclic  fatigue  loading. 

The  measurements  showed  that  the  internal  friction  increased 
as  the  fatigue  damage  was  increased.  Also  fatigue  damage 
caused  a decrease  in  the  ultrasonic  strain  wave  amplitude 
where  the  internal  friction  becomes  strongly  amplitude 
dependent,  ie  where  the  ultrasonic  wave  began  to  fatigue  the 
specimen.  These  initial  results  indicate  that  the  ultra- 
sonic internal  friction  at  kilohertz  frequencies  is  sensitive 
to  initial  fatigue  damage  and  it  may  be  an  effective  tool 
for  studying  and  monitoring  fatigue  damage. 
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A STUDY  OF  FATIGUE  DAMAGE  WITH 
ULTRASONIC  INTERNAL  FRICTION 
MEASUREMENTS 

INTRODUCTION 

There  have  been  some  past  attempts  at  studying  fatigue 
damage  with  measurements  of  internal  friction.  One  commonly 
employed  technique  is  the  measurement  of  the  attenuation  of 
an  ultrasonic  wave  using  a pulse-echo  type  measuring  system. 
However,  the  results  from  these  experiments  are  quite  con- 
tradictory. For  example  Joshi  and  Green1  used  a pulse-echo 
method  to  study  fatigue  in  aluminum  and  steel.  In  both  cases 
they  found  that  the  ultrasonic  attenuation  was  nearly  con- 
stant during  fatigue  testing  until  about  70%  (steel)  to 
80%  (aluminum)  of  the  specimen  life  was  consumed,  then  an 
increase  in  ultrasonic  attenuation  was  observed  and  just 
before  final  fracture  the  ultrasonic  attenuation  increased 
drastically.  No  correlation  between  the  ultrasonic  attenua- 
tion and  the  fatigue  damage  is  presented  by  Joshi  and  Green, 
but  it  is  most  likely  that  the  ultrasonic  wave  was  attenuated 
by  the  presence  of  the  crack.  This  technique  appeared  to 
be  insensitive  to  the  initial  cycles  before  crack  initiation, 
thus  the  technique  does  not  appear  to  be  sensitive  to  the 

accumulation  of  fatigue  damage  before  the  crack  initiation 

• • 2 
stage.  A similar  technique  was  utilized  by  Bratina  and  Mills 

to  study  fatigue  damage  in  4340  steel,  but  the  results  are 

quite  different.  Bratina  and  Mills  observed  that  in  slow 
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cycling  (1  Hz)  of  4340  steel  the  internal  friction  continually 

decreased  w;th  cyclic  straining,  this  they  attributed  to 

strain  aq’nq.  Bratina  and  Mills  correlated  their  results 

with  dislocation  behaviour  but  no  correlation  was  made  with 

microscopic  fatigue  damage.  Thus  the  results  of  Joshi  and 

Green  are  quite  different  than  the  results  of  Bratina  and 

Mills.  There  also  has  been  interest  in  using  the  exponential 

decay  of  a pulse  to  determine  the  internal  friction.  Several 

Soviet  pul  lications  deal  with  this  technique;  for  example 

3 

Shevelys  and  Otblesk  used  the  decay  of  oscillations  to  de- 
termine the  internal  friction  in  copper  and  steel  during 
fatigue.  In  copper  they  found  that  the  internal  friction 
first  increased  with  cycling,  they  attribute  this  to  an 
initial  increase  in  dislocation  density  and  length.  Then  they 
observed  '.hat  the  internal  friction  reached  a peak  at  about 
10%  of  the  life  and  began  to  decrease.  They  attribute  the 
decrease  in  internal  friction  to  a shortening  of  the  dislo- 
cation loops  due  to  pinning  by  point  defects.  The  internal 
friction  continued  to  decrease  until  a minimum  value  was  ob- 
served at  the  time  of  crack  initiation.  After  crack  initia- 
tion the  unternal  friction  increased  rapidly  until  failure 
occurred.  The  response  from  steel  was  somewhat  different; 
several  maximums  and  minimums  were  observed  in  the  internal  fric- 
tion as  the  fatigue  damage  increased,  alsc  in  copper  high  ampli- 
tudes of  stress  produced  smaller  changes  in  internal  friction  than 
low  amplitudes,  whereas  in  steel  higher  amplitudes  of  stress  pro- 
duced larger  changes  in  the  magnitude  of  internal  friction. 


Again,  no  correlation  was  main  between  those  measurements 
of  internal  friction  and  the  microstructura l changes.  This 
technique  does  appear  to  be  sensit ive  to  raicrostructural 
changes  before  and  after  crack  initiation,  and  thus  has  an 

advantage  over  the  ultrasonic  method  at  megahertz  frequencies 

4 

Mason  has  developed  a technique  for  studying  the 
internal  friction  of  metals  using  ultrasonic  waves  of  kilo- 
hertz frequency.  The  unique  feature  of  ihis  technique  is 
that  the  ultrasonic  wave  amplitude  can  be  varied  so  that 

ultrasonic  waves  of  longi tud j nal  strain  amplitude 
— 6 —2 

from  10  in/in  to  10  in/in  can  be  produced  in  the  specimen 
Since  the  internal  friction  can  be  amplitude  dependent  this 
variable  amplitude  adds  considerable  versatility  to  this 
technique.  It  is  possible  to  increase  the  strain  wave  ampli- 
tude to  where  the  ultrasonic  waves  begin  to  fatigue  the 

specimen.  When  the  specimen  begins  to  fatigue  the  internal 

. . 5 

friction  begins  to  increase  sharply.  Mason  and  MacDonald 

used  this  technique  to  fatigue  a specimen  of  Ti-6A£-lV  at 
ultrasonic  frequency.  After  fatiguing  the  specimen  at 
ultrasonic  frequency  they  observed  that  upon  retesting  the 
specimen,  the  sharp  increase  in  internal  friction  that  indi- 
cates fatigue  occurred  at  an  ultrasonic  strain  wave  amplitude 
nearly  an  order  of  magnitude  smaller  than  before  fatigue. 

Also  they  observed  that  the  base  line  value  of  the  internal 
friction  had  increased  nearly  an  order  of  magnitude  after 
the  ultrasonic  fatigue.  Mason  and  Wood^  have  correlated  the 


chanqes  in  microstructure  with  the  observe.!  changes  in 
internal  friction  for  metals  like  copper  and  iron.  They 
found  that  the  formation  of  persistent  slip  bands  corresponded 
with  the  sharp  increase  in  internal  friction.  However,  the 
fatigue  damage  due  to  ultrasonic  kilocycles  was  much  differ- 
ent than  that  of  low  frequency  testing.  They  observed  at 
the  high  frequencies  only  a few  very  narrow  isolated  slip 
bands  had  formed,  where  as,  at  low  frequency  the  persistent 
slip  bands  vould  spread  throughout  the  specimen.  Despite 
there  being  only  a few  isolated  spots  of  fatigue  damage 
there  were  very  large  changes  in  the  internal  friction. 

Thus  it  appears  that  the  energy  absorbed  out  of  the  ultra- 
sonic strain  wave  is  selectively  absorbed  at  these  localized 
persistent  slip  bands,  unless  some  unobserved  change  is 
occurring  ir  the  bulk  of  the  specimen.  Because  of  the 
apparent  selectivity  of  this  ultrasonic  technique  for  absorb- 
ing energy  at  fatigue  damaged  areas  it  might  be  possible  to 
use  this  ultrasonic  internal  friction  technique  to  study  the 
accumulation  of  fatigue  damage  that  occurs  at  more  conventional 
frequencies.  In  this  research  we  will  use  the  techniques 
developed  b'y  Mason  to  study  specimens  that  have  been  subjected 
to  fatigu'*  damage. 


v**- . *»'— i >i  ■ 1 ■ 


C-6 


V 

/V 


EXPER I MENTAI,  PROCEDURE 

The  system  used  for  the  measurement  of  the  internal 
friction  is  shown  in  Fiqure  !.  It  consists  of  a PZT  4 
ceramic  driver  cemented  to  a mechanical  transformer  with 
epoxy  resin  which  can  withstand  larqe  strains.  The  mecha- 
nical transformer  has  diameters  of  1.75  in.  and  0.35  in. 
resulting  in  a diameter  ratio  of  5 to  1;  this  results  in 
a displacement  ratio  of  25  to  1 . 

It  has  been  shown  that  ‘he  internal  friction  (Q  ^),  and 
the  longitudinal  strain  applied  to  the  specimen  (S^),  both 
can  be  determined  by  measuring  the  voltage  applied  (V  ) to 
the  transducer,  the  pickup  voltage  (V  ) from  electrodes 
mounted  at  the  center  of  the  transducer  and  the  resonant 
frequency  of  the  system.  Calibration  of  this  system  has 
shown  that  the  longitudinal  strain  is  given  by  the  following 
equation : 

S,,  = (7) (1. 65xlO_S)  V = 1.155xl0-4  V fl) 

11  pu  pu 

and  the  internal  friction  (Q  is  given  by: 

-1  -3  Va 

Q = 1.326x10  J * 0.168)  (2) 

pu 

The  details  of  measuring  the  parameters  for  these  equations 

4 

is  discussed  by  Mason  . 

The  specimen  must  be  made  to  resonate  at  the  system 
frequency  which  is  about  17,650  Hz,  the  dimensions  shown  in 
Figure  2 resulted  in  the  proper  resonant  frequency  for  the 
Ti-6A*.-4V  used  in  this  experiment.  The  actual  chemical 
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composition  for  this  alloy  was  in  wt.  percent: 

AH  V 0 Fe  N C H 

6.3  4.2  .188  .17  .010  .02  67ppM 

The  mill  annealed  material  for  these  specimens  was  machined 
on  a lal ^e  to  the  dimensions  shown  except  that  about  0.020 
inches  of  extra  metal  was  provided  in  the  necked  down  por- 
tion. The  specimens  were  then  annealed  in  a vacuum  better 
than  10  5 tcrr  at  500°C  for  four  (4)  hours  and  furnace 
cooled.  ^hev  were  then  polished  to  the  final  dimensions 
with  a f. . 1 micron  surface. 

The  specimen  is  tuned  to  the  resonant  frequency  bv 
polishing  in  down  to  the  proper  dimension,  a typical  specimen 
and  dimensions  is  shown  in  Fiqure  2.  The  tuning  is  controlled 
bv  the  equat ion : 


:^1  ?'02  'l 

TAP  — - = (~^) 

V1  Z01 


(3) 


Where  oj  is  the  resonant  frequency,  1^  is  the  specimen  length, 
v^  is  the  velocity  of  sound,  Z^  and  Z^  are  the  impedance 
of  the  large  and  small  sections  of  the  specimen.  The  ratio 
of  the  impefances  ?'g2/zoi  can  be  talcen  as  tfle  rati°  of  the 
masses  of  the  large  and  small  sections  for  this  calculation. 
The  specimen  must  be  closely  tuned  to  the  resonant  frequency 
otherwise  the  output  from  the  oscillator  decreases  sharply, 
this  is  demonstrated  in  Figure  3 where  the  resonant  frequency 
of  the  system  with  a specimen  attached  is  plotted  as  a func- 
tion of  the  output  voltage  (V  ) . The  resonant  frequency 

r u 

of  the  system  alone  is  about  17650  Hz,  as  can  be  seen  from 
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Figure  3 when  the  resonant  frequency  of  system  with  a spe- 
cimen attached  approaches  the  resonant  frequency  of  the  driver 
alone  the  maximum  output  is  observed.  In  this  experiment  the 
resonant  frequency  of  a specimen  could  be  chanqed  by  changing 
equation  3,  this  is  done  by  polishing  off  some  material 
thereby  reducing  7 ^ thus  changing  u to  satisfy  equation  3. 

After  the  specimen  is  tuned  and  polished  the  internal 

friction  is  determined  as  a function  of  the  ultrasonic 

strain  wave  amplitude,  a typical  result  for  the  initial 

unfatigued  material  is  shown  in  Figure  4.  The  internal 

friction  is  observed  to  be  relatively  independent  of  the 

ultrasonic  strain  wave  amplitude  until  the  wave  produces 

-4 

strains  of  4 x 10  then  the  internal  friction  becomes  strong- 
ly amplitude  dependent.  It  has  been  observed  that  the  ampli- 
tude dependent  section  corresponds  to  movement  of  dislocations 
and  that  the  specimen  fatig  les  if  the  ultrasonic  strain  wave 
amplitude  is  further  increased.  In  these  studies  the  ultra- 
sonic strain  wave  amplitude  was  increased  until  the  ampli- 
tude dependent  region  was  observed,  and  the  test  was  termi- 
nated below  the  strains  that  would  produce  additional  fatique. 

The  specimen  shown  in  Figure  2 was  then  subjected  to 
fully  reversed  fatigue  straining  (R=-l)  for  a fraction  of 
the  expected  fatigue  life.  The  internal  friction  was  then 
again  determined  as  a function  of  ultrasonic  strain  wave 
amplitude  until  the  internal  friction  was  observed  to  be 
amplitude  dependent;  then  the  internal  friction  test  was 
terminated  and  more  cycles  were  applied  and  the  internal 
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friction  redetermined.  The  results  of  such  a sequence  of 
tests  are  shown  in  Figure  4. 

The  fatigue  cycling  was  performed  at  room  temperature 
at  a frequency  of  0.2  Hz.  The  specimen  shown  in  figure  2 
was  clammed  in  a special  fixture  designed  to  accommodate 
the  large  ends  of  the  specimen.  The  fatigue  machine  produces 
a cyclic  angular  displacement  which  for  the  strains  listed 
in  figure  4 were  2.4°  (0.009)  and  3.19°  (0.012).  The  strains 

were  calculated  by  assuming  that  the  strain  in  the  specimen 
was  localized  over  the  straight  portion  of  gage  length  of 
0.426  (.(76  - .250)  in.  There  is  of  course  some  error  in 
this  ass jmption  for  some  strain  will  occur  in  the  curved 
portion  of  the  specimen,  but  this  refined  calculation  did 
not  seem  necessary  for  this  presentation. 
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RESULTS  AND  DISCUSSION 

In  the  results  shown  in  Figure  4 the  tests  were  started 
at  a shear  strain  amplitude  of  '0.009,  after  initiating  the  test 
it  became  apparent  that  it  would  require  too  much  time  to 
complete  the  test  thus  this  amplitude  was  terminated  after 
1400  cycles.  The  shear  strain  amplitude  was  increased  to 
40. 012  and  after  800  cycles  of  f0.012  shear  strain  the  inter- 
nal friction  was  again  determined.  In  Figure  4 it  can  be 
seen  that  this  fatigue  loading  resulted  in  an  increase  in 

internal  friction,  also  the  internal  friction  became  strongly 

-4 

amplitude  dependent  at  a smaller  strain  (3  x 10  ).  The 

specimen  was  then  fatigued  for  four  hundred  additional  cycles. 
The  internal  friction  was  again  determined  as  a function  of 
strain  amplitude,  this  data  is  also  shown  in  Figure  4.  Again 
the  internal  friction  increased;  however,  no  subsequent 
change  was  observed  in  the  strain  (Sj^)  where  amplitude  depend- 
ent internal  friction  was  observed.  Relative  to  the  unstrained 
state,  a 60%  increase  in  internal  friction  was  observed  after 
the  1200  cycles  at  f0.012.  The  specimen  was  again  fatigued, 
but  failure  occurred  after  1749  cycles  and  no  measure  of  inter- 
nal friction  was  made  before  the  final  fracture. 


r ——  i 


CONCLUSIONS 


The  tests  shown  in  Figure  4 indicate  that  the  value  of 
the  internal  friction  (Q  S is  sensitive  to  fatigue  cycling. 

Of  particular  interest  is  that  the  internal  friction  appears 
to  increase  continuously  with  cycling,  thus  the  technique 
might  allow  a continuous  monitoring  of  the  condition  of  the 
metal  during  cyclic  loading.  This  is  a considerable  advantage 
in  comparison  to  the  result  of  Joshi  and  Green  where  an  in- 
crease in  ultrasonic  attenuation  at  megacycle  frequency  occurred 
just  prior  to  final  failure.  More  experiments  need  to  be  run 
to  correlate  the  internal  friction  with  the  fraction  of  fatigue 
life,  and  to  correlate  the  internal  friction  with  microstruc- 
tural  chrnjes. 

In  1 igure  4 the  internal  friction  of  the  annealed  specimen 
becomes  strongly  amplitude  independent  at  £ longitudinal  strain 
wave  amplitude  of  4.25  x 10  ^ . Above  this  strain  wave  ampli- 
tude the  specimen  is  being  fatigued.  After  fatigue  cycling 
for  800  cycles  at  ±0.012  the  internal  friction  becomes  strongly 
amplitude  dependent  at  a strain  of  2.9  x 10”^,  thus  the  ultra- 
sonic wavs  can  fatigue  the  specimen  at  a lower  strain  amplitude. 
This  indicates  that  the  cyclic  loading  has  weakened  the  material. 
Experimentally,  it  is  very  difficult  to  del  ermine  the  point 
at  which  the  specimen  begins  to  become  unstable  during  the 
ultrasonic  internal  friction  measurement  v/ithout  permanently 
damaging  the  specimen.  Thus  in  our  future  work  we  plan  to 
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concentrate  our  effort  on  the  change  that  occurs  in  tne  ampli- 
tude independent  internal  friction.  This  should  allow  us  to 
apply  this  technique  to  larger  specimens  with  lower  amplitudes 
of  strain  wave  that  would  be  non  damaging  to  the  specimen. 
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Figure  1 


Figure  2 


GROC  JOINT,  ELECTRODE 


SPECIMEN 


Schematic  diagram  of  the  ultrasonic  driver. 

The  driving  electrode  is  a PZT-4  piezoelectric 
cylinder  attached  to  a Ti-6A£-4V  stepped  trans- 
former. The  specimen  details  are  shown  in  Figure  2. 


Dimensions  for  the  Ti.-6AS,-4V  specimen  used  in 
this  experiment.  The  curvature  between  the  center 
and  the  ends  was  to  localize  the  fatigue  damage 
at  the  specimen  center. 
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igure  3 System  output  as  a function  of  resonant  frequency. 

When  the  system  is  tuned  to  about  17650  Hz  maximum 
output  is  observed. 
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iqure  4 Internal  friction  as  a function  of  the  ultrasonic 
strain  wave  amplitude  determined  for  an  annealed 
unstrained  specimen  and  after  the  fatigue  cycles 
indicated . 
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ABSTRACT 


’ 2 SPOTTS'  .HIN'J  WM  'AT.  A ' ■ i vi  ' A 


Naval  Air  Systems  Command 


A.  Med^nical  Properties  of  Annealed  and  Martensitic  Ti-6A£-4V. 

Fatigue  life  studies  are  reported  on  annealed  microstructures  and  on  solutionj 
treated  plus  quenched,  microstfuctures,  and  it  was  found  the t specimens  solution 
treated  at  about  900®C  (1650®F)  had  the  longest  fatigue  life,  longer  by  at  least 
a factor  of  four.  A comparison  of  the  a-6  annealed  alloy  v ith  the  alloy  solution 
treated  at  900°C  (1650°F)  demonstrated  that  increases  in  allowable  strain  of  as 
much  as  50%  occurred  at  high  strain  amplitude.  Annealing  and  elevated  temperature 
testing  appear  to  decrease  the  fatigue  life  of  the  as  quenched  alloy.  Tensile 
tests  of  the  alloy  solution  treated  at  900°C  showed  that  this  treatment  resulted 
in  a high  tensile  surength  and  a high  ductility  (reduction  in  area)  relative  to 
commonly  used  snm  a.  treatments.  Room  temperature  static  load  creep  tests  showed 
that  the  alloy  solution  treated  at  900°C  had  a high  elastic  limit  and  a relatively 
small  amount  of  st.itic  creep. 

B.  Microstructure  of  Solution  Treated  and  Quenched  Ti-6AL4V. 

'•The  microstructure  of  solution  treated  and  quenched  Ti-6AP„-4v  is  reported 
with  particular  emphasis  on  the  solution  temperature  of  900“t  (1650*^).  The  alloy 
solution  treated  at  900°C  was  found  to  have  a matrix  of  retained  8 mixed  with  mar-j 
tensite  (ex’  or  a"),  within  the  matrix  was  primary  a.  Cyclic  deformation  of  this 
alloy  resulted  in  a transformation  of  the  retained  8 to  martensite  (a1  or  a") . 

We ‘ propose^ that  it  is  the  strain  induced  transformation  of  retained  B to  martens i-j 
te  that  is  producing  the  improved  fatigue  life  of  this  alloy.  The  microstiucture 
of  the  alloy  solution  treated  at  1065°C  (1950°F)  was  totally  martensite  (a’)  thus 


DD 


,1473 


» NO  V • 

■>/N  OfO  1-  807-68 0 1 


(PA  .t  1) 


Unclass i f ied 


S ft  uritv  Classifu  «tion 


1— 


Abstract  continued 

no  retained  6 is  present  to  transform  upon  cy- 
cling. The  analysis  of  the  alloy  solution  trea  :- 
ed  at  843°C  (1550°F)  is  incomplete,  but  micro- 
structural  and  microchemical  analysis  indicates 
that  this  alloy  is  composed  of  a g phase  that 
is  vanadium  rich  and  primary  a.  The  R phase  is 
apparently  stable  when  subject  to  cyclic  defor- 
mation because  of  the  high  vanadium  content. 
Lattice  parameters  and  microchemistr ios  of  some 
of  the  phases  are  reported. 

C.  A Study  of  Fatigue  Damage  with  Ultrasonic  Inter- 
nal Friction  Measurements. 

.^Internal  friction  measurements  using  a re- 
sonance technique  at  kilohertz  (17650  Hz)  fre- 
quency were  made  on  Ti-6A£-4V  that  had  been  sub- 
ject to  cyclic  fatigue  loading.  The  measurements 
showed  that  the  internal  friction  increased  as 
the  fatigue  damage  was  increased . ^Also  fatique 
damage  caused  a decrease  in  the  ultrasonlcT 
strain  wave  amplitude  where  the  internal  fric- 
tion becomes  strongly  amplitude  dependent,  ie 
where  the  ultrasonic  wave  began  to  fatigue  the 
specimen.  These  initial  results  indicate  that 
the  ultrasonic  internal  friction  at  kilohertz 
frequencies  is  sensitive  to  initial  fatigue  da- 
mage and  it  may  be  an  effective  tool  for  studying 
and  monitoring  fatigue  damage. 


KEY  WORDS 

Titanium  alloys,  fatigue,  yield  strength,  tensile 
strength,  elastic  modulus,  ductility,  martensite, 
lattice  parameters,  microchemistry,  solution  treat- 
ment, internal  friction. 
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